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BACKGROUND 


OBJECTIVE 


The objective of the program underlying this work is to determine the relative 
percentage of positive gradient surface ducts versus downward refractive conditions for 
shallow areas of strategic interest, determine frequency regimes of optimum propagation 
corresponding to sound speed profile classification and correlate them with geographic 
and seasonal distributions. 


RESULTS 


1. Nine shallow water areas were examined for the presence of positive sound 
speed gradients. Ninety percent of the fall-winter sound speed profiles and 31 percent of 
the spring-summer profiles were of the positive gradient type. 


2. Positive gradient (winter) profiles generally resulted in at least 10 dB less loss 
at 50 km range than did the negative gradient (summer) profiles. 


3. Three of the areas, North Sea, Strait of Juan de Fuca and Lands End, in which 
propagation losses were calculated, had coarse-grained surface sediments resulting in small 
bottom reflection losses and relatively good propagation by bottom reflected paths. In 
these cases optimum propagation is in the 500 Hz frequency range. 


4. Optimum frequencies of propagation for positive gradient surface ducts 
varied from 200 to 1000 Hz. 


5. When a surface duct exists in shallow water it can dominate the propagation 
and lead to a completely different optimum frequency of propagation. However, high 
bottom loss is required to demonstrate this effect. This is illustrated at the East of 
Singapore site. 


6. A change in the magnitude of the compressional wave attenuation in the 
sediment model produces a proportional change in the bottom reflection loss and can lead 
to large changes in the calculated propagation loss. This was evident in the Straits of Sicily 
calculations. 


7. Propagation by bottom reflected paths is a very sensitive function of sediment 
types. Sediment models used here produced propagation ranging from very good to very 
poor. Many details of this propagation in the frequency domain were unexpected. 


RECOMMENDATIONS 


1. The prevalence of surface ducts in shallow water needs to be determined in 
many more areas. 


2. The relative dominance of a surface duct when present in shallow water 
propagation needs further clarification. 


3. Since bottom reflection loss is a large factor in shallow water propagation the 
dependence of bottom loss on sediment properties, particularly attenuation, should be 
determined more precisely. 


4. Include surface scattering in an assessment of surface duct versus bottom 
reflected paths. 
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1. INTRODUCTION 


1.1 Intent of Report 


This report will give the results of a study of sound velocity profiles in shallow water 
for a limited number of sites. The sites considered here are located on continental shelves 
or shallow sea areas and with two exceptions are limited to water depths of 200 meters (m), 
a nominal depth limit for shallow water. The relative percentage of surface duct versus 
downward refractive conditions is determined for different seasons and various geographical 
areas. Sediment models in certain areas allowed normal mode calculations to determine 
optimum frequency domains for sound propagation at those sites. 


1.2 Background 


Ten shallow water stations were occupied during the FASOR cruises, to the south 
and western Pacific and adjacent areas in the 1960s. Seven of those stations (Reference 1) 
had sound speed profiles with significant surface ducts, i.e., positive gradient surface layers. 
Only three of these stations had strong surface ducts, whereas three were downward refract- 
ing. It is noteworthy that five stations with moderate to strong surface ducts were run in 
May, June or July and lie within 12 degrees of the equator. Although these data are limited, 
they demonstrate that surface ducts may be more prevalent in shallow water then previously 
considered. 


Propagation characteristics will differ markedly in shallow water with downward 
refraction. In the surface duct case there is little interaction with the bottom and the opti- 
mum frequency for sound propagation will be relatively high, depending primarily on the 
duct depth. For example, the optimum frequency for a 100-ft isothermal duct is approxi- 
mately 2 kHz. In contrast, the bottom characteristics are the critical factors for the case of 
downward refraction. Since at low frequencies the principal loss mechanism is the attenua- 
tion of the sound waves in the bottom sediments and this attenuation is a linear function of 
the frequency (Reference 2), the optimum frequency is expected to be quite low. 


In 1976 M.A. Pedersen and D. White (Reference 3) selected two of the FASOR 
shallow water stations for an optimum frequency study. Results for a downward refraction 
profile were compared to optimum frequencies for the surface duct case. While their 
results support the contention that optimum frequencies will be less for downward refrac- 
tion cases, the problem of optimum frequencies for shallow water needs additional study. 
Also for considerations of future shallow water sonar systems it would be valuable to 
determine the geographical areas and times of year when surface ducts are prevalent in 
shallow water areas. 


1.3. Organization of Report 


The selection of the sites, the methods of assessment and classification of sound 
speed profiles and the selection of representative profile types are discussed in Section 2. 
Also an introduction is given to the propagation loss calculations and optimum frequency 
determination. 


1. Propagation Losses and Reverberation from the Shallow-Water FASOR Areas with Comparisons to 
Propagation Loss Models, J. A. Whitney, Naval Ocean Systems Center TR 400, March 1979. 
Compressional-Waye Attenuation in Marine Sediments, E. L. Hamilton, Geophysics, Vol 37, No. 4, 
August 1972. 

3. Reference available to qualified requestors. 
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Results are presented in Sections 3 and 4. Section 3 contains the physical descrip- 
tions of the sites, the representative profiles, a summary of the sound speed profile statistics 
and bottom sediment characteristics. Acoustic results are given in Section 4 where propa- 
gation loss calculations are presented and comparisons are made. Optimum frequencies 
for the representative, seasonal profiles are discussed. Concluding remarks are given in 
Section 5. 


2. PROCEDURES 


2.1 Site Selection 


The locations of the shallow water areas discussed in this report are given in 
Table 2.1. These sites were selected for evaluation based on expected differences in environ- 
mental types. Selection is limited in part by availability of sound velocity profile (SVP) 
data in data banks and/or available sea floor sediment data. Of course, this is only a partial 
list of possible shallow water sites of interest to the Navy. A more complete list might 
contain 30-40 individual sites. 


Site Latitude Longitude 


A. North Sea 57.5°-59.0°N 1.5°=-2.5SE 

B. Strait of Juan de Fuca 48°-49°N 125°-126°W 

C. East of Singapore 0-2°N 105°-109°E 

D. Lands End 49°-51°N 8°-10°W 

E. Korea Strait 32°-34°N 126.5°-128.5°E 

F. Straits of Sicily 36°-38°N 11°-13°E 

G. Shallow of Bering Sea 56°-59°N 165°-169°W 

H. Bass Strait 39°-41°S 145°-149°E 

I. North Coast of Brazil 0°-2°N 46.5°-49°W 
2°-4°N 47.5°-50°W 


Table 2.1. Locations of shallow water sites. 


The first four sites (Table 2.1) were chosen in 1980 for a preliminary study. The Strait of 
Juan de Fuca represents a mid latitude site coupled strongly with the open ocean with 
potential brackish water influence. The site East of Singapore is an example of an equatorial 
environment within a large area of shallow water. Seasonal effects at low latitudes are 
naturally expected to be weak compared to those at mid to high latitudes. The shallow 
North Sea site is an example of an isolated adjacent sea located at high latitudes. The Lands 
End site is positioned on a wide (continental) shelf at relatively high latitudes, exposed to 
open ocean conditions and influenced by the North Atlantic current extension of the Gulf 
Stream. 

The sites in the Straits of Sicily and the Korea Strait were added as areas of high 
operational interest. The submarine ridge between Sicily and the continent of Africa, the 
Straits of Sicily, separates the Mediterranean into two main basins. The eastern basin is a 


concentration basin* with respect to the western basin. The exchanges of water through 
the Straits of Sicily are similar to those between the Mediterranean Sea and the Atlantic 
Ocean. The currents are less complex due to the broad extent of the Straits of Sicily 
relative to the Strait of Gibraltar and to the greater difference in the mean salinities of the 
Mediterranean and the Atlantic water. The Korea Strait site is on the broad continental 
shelf off China and under the influence of the Kuroshio current from the south and the 
intrusion of cold water from the Sea of Japan to the northeast. 


The shallow Bering Sea is a high latitude site within a large, flat area of shallow 
water between 50 and 150 m and one in which propagation loss tests have been reported 
(References 4, 5). The site in the Bass Strait was added to extend the coverage into 
southern latitudes. The site near the mouth of the Amazon River is on the continental 
shelf off the coast of Brazil under the influence of the open sea and the outflow of the 
Amazon. This site is similar in those respects to the Juan de Fuca site but differs in 
latitude and depths of water. 


These sites are located on a world map in Figure 2.1 (the actual place is called out 
in alphabetical order as listed in Table 2.1) and on surrounding area charts in Figure 2.2. 


2.2 Sound Speed Profiles 


The purpose of the sound speed profile selection process as described below was 
two-fold. The first was to provide reliable estimates of the occurrence of surface ducts in 
shallow water areas for different times (seasons) of the year. The second was to determine 
characteristic profiles to represent an area for use in normal mode calculations of propaga- 
tion loss. 


2.2.1 Assessment 


The primary source of sound speed data for this study was the National Oceano- 
graphic Data Center (NODC) Nansen cast archival data file. This file provides profiles of 
ocean temperature, salinity and computed sound speed at standard depths of 0, 10, 20, 30, 
50, 75, 100, 150 and 200 meters (Wilson’s October sound speed equation (Reference 6) is 
used). To supplement the number of available profiles, the NODC archival XBT data file 
was searched for suitable temperature profiles. These profiles were then converted to sound 
speed profiles using the annual mean salinity profile from the Nansen cast data at that site 
and then were interpolated for sound speed at standard depths. The XBT data contributed 
significantly to the sample size in several cases, especially at the site East of Singapore. The 
XBT data were not used at other sites where ample Nansen cast stations were available. 
XBT data were used to increase the sample size in four different instances. 


*The amount of evaporated water exceeds that gained by the precipitation and river discharges. The entire 
Mediterranean is a typical example of a concentration basin. 


4. LORAD Tests in the Shallow Bering Sea, J. A. Whitney, Naval Electronics Laboratory Report 1160, 
February 1963. 

5. Long-Range Acoustic Propagation in the Shallow Bering Sea, K. V. Mackenzie, Naval Undersea 
Center TP 293, June 1972. 

6. Equations for the Sound Speed in Sea Water, W. D. Wilson, J. Acoust. Soc. Am., Vol 32, 1960, p 1357 
(L). 
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Figure 2.2. Location and surrounding areas of the shallow water sites (continued). 
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Figure 2.2. Location and surrounding areas of the shallow water sites (continued). 
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Some profile editing proved necessary to remove redundant sampling in those 
instances where repeated observations were made at the source location and time. For 
example, at the Strait of Juan de Fuca site there were two periods of 24 to 48 hours where 
Nansen casts had been taken each hour. These were replaced by “typical” profiles. This 
removed possible bias for statistical analyses. Also, in the Korea Strait data set, a large 
number of casts were taken in 1943. Those were edited out as a separate set. An occasional 
obviously bad profile was also removed. 


Detailed discussion of the selected shallow water environments and details of the 
computerized methods of the statistical approach to classification and tabulation of pro- 
files and profile gradients are given in the Appendix. 


2.2.2 Characteristic Profile Selection 


Extreme complexity and variability of sound speed profile shapes were observed in 
the shallow water data samples, particularly in those from the spring and fall seasons. 
Procedures established to select a representative sound speed profile for deep ocean 
environments did not give meaningful results for the shallow water data. Because the 
gradient of the vertical sound speed structure is important to acoustical propagation, 
analytical procedures were developed to segregate profile types based on the vertical 
gradient. From these subsets, representative profiles can be selected and acoustic results 
evaluated on the probability of occurrence of selected profile types. For this study, pro- 
files were objectively grouped as positive or non-positive gradient profiles with gradient 
values and percentages of occurrence tabulated. 


To classify single profiles as surface duct (positive gradient) or downward refracting 
(non-positive gradient) a new definition was required. This definition should be based on 
the expected effect of the overall profile shape on the primary mode of acoustic propaga- 
tion and must remain relatively simple to apply to all shallow water environments. The 
basic definition chosen for this analysis will classify a profile as positive if the depth of 
the absolute maximum observed sound speed value (MAX Z) is greater than 10 meters and 
negative (non-positive) if the absolute maximum is observed within 10 m of the surface. 
Thus a large number of possible profile shapes can be grouped together in either category. 
As a first order profile-type separator for an assumed near surface sound source, this 
sorting approach works well. 


Examples of possible positive gradient and non-positive (negative) gradient profile 
types are shown in Figure 2.3. Profiles a through d are positive gradient profiles while 
e through h are negative (non-positive) gradient profile types. Throughout the remainder 
of this report the two classes of profiles will be referred to as positive and non-positive 
gradient profiles. Also, positive gradient profiles are regarded as surface ducted profiles. 


Two methods of computerized statistical tabulation for the vertical sound speed 
gradients were used. Gradients were computed in units of meters/second per meter (or 
inverse seconds). The Appendix gives examples with tabulated results. The first approach 
produced a tabular listing, by season, of the number of positive and non-positive gradients 
observed in the data set from the surface to each successive standard depth and provided 
statistics on gradient strengths. The tables indicated if the overall gradients were positive 
or non-positive and some measure of correlation between gradient and depth of observation. 
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Figure 2.3. Types of idealized shallow water sound speed profiles. 
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The second statistical approach preserves the identity of each profile while pro- 
viding a measure of the distribution of positive and non-positive sound speed profiles. 
Each profile is classified according to the above definition. See also Figure 2.3. 


Additional statistics are computed to provide information on the strength of the 
observed gradients. For positive profiles the gradient from the absolute sound speed maxi- 
mum to the shallower sound speed minimum is computed and tabulated. For non- 
positive profiles, the gradient from the near surface maximum to the deeper absolute 
minimum is computed. If the profile has a deeper positive gradient leg below the absolute 
minimum, this value is computed also. With this statistical summary, we could determine 
how many profile types are necessary to adequately represent the particular shallow water 
site and season. With the aid of the gradient strength and depth information, suitable 
representative profiles may be selected from the individual data subsets for acoustic 
model inputs. 


To illustrate the division of a sample of sound speed profiles by the definition 
illustrated in Figure 2.3, the profiles from the Lands End site, spring season, were 
separated and replotted in Figure 2.4. Figure 2.4a shows the positive-gradient profiles 
while Figure 2.4b shows the non-positive gradient profiles. 


2.3. Normal Mode Calculations 


Propagation loss calculations were made following procedures given by 
D. F. Gordon in Reference 7. The normal mode program utilizes a multilayer (up to 12 
layers) model of the shallow water channel. The bottom sediment layers are modeled in 
the same manner as the layers in the water. Thus a liquid bottom is assumed and the 
effect of shear waves is ignored. Each layer is characterized by five quantities: the 
sound speed at the top and bottom of the layer, the sound speed gradient at the top of 
the layer, the compressional wave absorption (equal to zero in the water) at the top and 
the bottom of the layer and the density which is assumed constant in the layer. The 
absorption loss in the water is computed from Thorp’s equation (Reference 8) and is 
added to the propagation loss at the end of the computation. The model can handle dis- 
continuities in sound speed between water and sediment or between sediment layers or 
between sediment and rock. 


Propagation loss as a function of frequency was calculated for a discrete frequency 
range of 50 Hz to 4 kHz. The source depth was held constant at 25 meters and the 
receiver depth was optimized, i.e., adjusted for maximum intensity. For example, see 
Figure 4.4 where propagation loss for 275 and 500 Hz was plotted versus receiver depth 
for the range of 100 km. The propagation loss was taken to be 75.8 dB and 83.5 dB at 
275 and 500 Hz, respectively. A random phase addition of the mode contributions was 
used in the calculations. A phased mode addition gives large spatial variation and would 
be difficult to interpret at a given range. The random phase calculations are equivalent 
to the results which would be obtained from phased mode theory by averaging over a 
range interval centered at the fixed range. 


7. Shallow Water Normal Mode Model with Structured Bottom, D. F. Gordon, Paper IV-B, Shallow 
Water Mobile Sonar Modeling Symposium, Naval Research Laboratory, 23-25 September 1975. 

8. Analytic Description of the Low-Frequency Attenuation Coefficient, W. H. Thorp, J. Acoust. 
Soc. Am., Vol 42, 1967, p. 270 (L). 
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Figure 2.4b. Examples of non-positive gradient profiles: 


Lands End — spring. 


Figure 2.4a. Examples of positive gradient profiles: 


Propagation loss was then plotted as a function of frequency for ranges of 50, 100 
and 150 km. The curves show a minimum loss over a frequency range which is sometimes 
relatively broad. This indicates the optimum frequency of propagation for the conditions 
of the sound speed profile and the sediment properties of that site and season. For the case 
of downward refraction, the optimum propagation occurs at a relatively low frequency, at 
which a mode exists with small bottom reflection loss and a large loop length. The loop 
length is the dominant factor. If a surface duct exists, propagation in the duct usually 
overpowers the bottom reflected propagation. In this case, the optimum frequency of 
propagation occurs when the surface duct is optimized or where the propagation is driven 
by one or two modes. The frequency is usually much higher. 


3. SITE DATA 


This section contains the physical descriptions and a summary of the profile statis- 
tics for each site. The representative sound speed profiles and bottom sediment charac- 
teristics are given for six of the nine areas. Propagation loss calculations were made for 
those areas. 


3.1 North Sea 


The local area at the North Sea site, 58.5°-59°N, 1.5°-2.5°E, is shown on the 
bathymetric chart in Figure 3.1. The area generally south of the 100 m contour is a flat 
plateau at water depths between 80 and 100 m. In the area above 57.5°N, the sea floor 
slopes into a flat basin below 150 m (maximum depth about 159 m). To the north and 
west, the sea floor is more hilly and gradually deepens to the north above 59°N. At the 
site, the average depth is 100 m. 


Figure 3.2 shows characteristic sound speed profiles for the North Sea site. The 
winter profile has positive gradients from surface to bottom as do all of the representative 
winter profiles (for each site). The “intermediate” profile was of a type observed in about 
20 percent of the spring profile samples and occasionally in the summer profiles. The 
summer profile has small negative gradients to 20 m. Table 3.1 summarizes the North Sea 
sound speed profiles and shows the relative numbers of profiles that were classified as 
positive or non-positive gradient profiles. 


Positive Positive 

Season Gradient, # Gradient, % 
Fall 92.1 
Winter 94.5 

Totals 93.3 
Spring 33.2 
Summer 24.2 

Totals 28.7 


Table 3.1. North Sea profiles. 
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Figure 3.1. Chart of local area — North Sea. 
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Figure 3.2. Characteristic sound speed profiles 
found at the North Sea site. 


From the table, the probability of encountering a surface duct environment is 
93.3 percent in the fall or winter seasons, while in the spring or summer the occurrence of 
surface ducts is only 28.7 percent. 


The properties of the sediments are given in Table 3.2. R is the ratio of the surface 
sediment sound velocity to that of the bottom water (for all profiles in that area) and the 
sound velocity given in the sediments is greater by that ratio for the winter sound speed 
profile. The attenuation a is in units of (dB/km)/Hz and thus must be multiplied by the 
frequency to obtain absorption. 


Compressional 
Thickness, Velocity, Attenuation, | Density, 
Layer Material m m/s (dB/km)/Hz g/cm3 
Sea Floor 

1 Fine sand 0.47 2.05 
0.42 2.05 

2 Mudstone 0.12 1.74 
0.07 21 
0.02 DP) 

3 Sandstone 0.02 2.2 


Table 3.2. Sediments at the North Sea site. 


The generalized stratigraphy to about 2000 m is as indicated in Table 3.2. It isa 
2 m layer of sand overlying about 2000 m of stiff, hard clay and mudstone, which in turn 
overlies an oil-producing sandstone layer considered to be the acoustic basement. 


3.2 Strait of Juan de Fuca 


The local area of this site, 48°-49°N, 125°-126°W, is on the continental shelf west 
of the Strait of Juan de Fuca (see Figure 3.3). The shallow La Perouse Bank is in the upper 
part of the area while deeper canyon areas are to the south and southwest. The data sample 
contained sound speed profiles with maximum depths from 50 m to 200 m. The average 
water depth at the site was taken to be 130 m. Figure 3.4 shows characteristic sound speed 
profiles for this site; 75 percent of the fall profiles were of the positive gradient type. Thus, 
a representative fall profile is shown with a surface duct to 30 m. 


Table 3.3 summarizes the sound speed profiles and gives the relative number of 
positive versus non-positive gradient profiles. 


Positive Positive 
Season Gradient, # Gradient, % 
Winter 98 
Spring 34 
Summer 0 
Fall 75 
Fall + Winter 86 
Spring + Summer D3 


Table 3.3. Strait of Juan de Fuca sound speed profiles. 


The occurrence of surface ducts in this sample was only 23 percent in the spring or 
summer (April to September) while the probability of encountering a surface duct in the 
period of October-March was increased to 86%. 


The properties of the sediments for this site are given in Table 3.4. The location of 
the geoacoustic modelis 30 nmi west of the entrance to the Strait of Juan de Fuca. The 
area is a relatively flat part of the continental shelf. Acoustic reflection records and coring 
data indicate 40 to 50 m of sandy mud or muddy sand overlie thick, folded and eroded 
sedimentary rocks. 


Compressional 
Thickness, Depth, Velocity, Attenuation, , Density, 
Layer Material m m m/s (dB/km)/Hz g/cm? 
Sea Floor R* = 1.03 
1 Sand - silt Sfc 1525 0.15 1.61 
clay 47 47- 1586 0.16 1.67 
2 Sedimentary 47+ 3000 0.10 2.30 


*R = the ratio of the surface sediment sound velocity to the speed of sound in the bottom water. 


Table 3.4. Sediments at the Strait of Juan de Fuca site. 
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Figure 3.3. Chart of local area — Strait of Juan de Fuca. 
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Figure 3.4. Characteristic sound speed profiles found at the site in the 
Strait of Juan de Fuca. 
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3.3. East of Singapore 


The local area at the site East of Singapore, 0°-2°N, 105°-109°E, is located on the 
chart in Figure 3.5. The site lies on the Sunda continental shelf, east-southeast of Singapore 
and west of the island of Borneo. This is an example of an equatorial shallow water environ- 
ment which also is isolated from open ocean influences. Water depths are quite shallow, 
varying from about 25 m to 75 m. The mean depth is taken to be 50 m. Few Nansen cast 
data were available and the original area was expanded from 0°-1°N, 106°-107°E. Also 
the data set was supplemented with a large percentage of XBT data. 


Figure 3.6 gives representative profiles for the two seasons. The months October 
through March were processed as winter and April through September, as summer. From 
Table 3.5, it is seen that 82.5 percent and 60 percent of the winter and summer profiles, 
respectively, were classified as positive gradient profiles. 


The sediment properties for this site* are given in Table 3.6. The area is covered by 
a 70-80 m layer of mud (silt-clay) overlying a harder sand-silt-clay layer about 110 to 120 m 
thick. The underlying acoustic basement (layer three) is probably basalt. The whole area is 
relatively flat except for some deeper areas near islands. 


Positive Positive 
Season Total Gradient, # Gradient, % 
Winter 40 33 82.5 
Summer 35 zi 60.0 
Totals 75 54 72.0 


Table 3.5. Summary of sound speed profiles for the site East of Singapore. 


Compressiona! 
Thickness, Depth, Velocity, Attenuation, | Density, 
Layer Material m m m/s (dB/km)/Hz g/em3 
1 + + 
Sea Floor R=0.99 
Sfe 11523 06 1.45 
| Silt-clay 78 78- 1617 07 sve) 
2 Sand-silt 113 78+ 1830 07 1.89 
clay 19]- 1943 08 2102 
3 Basalt 191+ 4200 03 E33) 


Table 3.6. Sediment properties of the site East of Singapore. 


*The geoacoustic model was originally constructed for the one-degree square, 0°-1°N, 106°-107°E but 
is considered valid over the expanded area. 
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Figure 3.6. Characteristic winter and summer sound 
speed profiles for East of Singapore site. 


3.4 Lands End 

The Lands End site is located on the continental shelf, southwest of England. The 
local area, 49°-51°N, 8°-10°W, is shown in Figure 3.7. This site represents a high latitude 
location exposed to the influence of the open ocean circulation in contrast to the relatively 
more isolated North Sea site. Water depths of the sound speed profile data sample varied 
from 80 to 151 m. Representative winter and summer sound speed profiles are shown in 
Figure 3.8 to the average depth of 125 m. A summary of the sound speed data set is given 
in Table 3.7. Ninety-eight percent of the fall and winter profiles and 23 percent of the 
spring and summer profiles were classified as positive gradient profiles. 

Properties of the sediments at this site are given in Table 3.8. The sediment is sand 
with undulations up to 25 m high. An intermediate layer of mudstone overlies the acoustic 
basement of sedimentary rock at about 320 m deep. 
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Figure 3.7. Chart of local area — Lands End. 
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Figure 3.8. Characteristic winter and summer sound speed profiles 
for the Lands End site. 


Positive Positive 


Season Gradient, # Gradient, % 
Fall 96 
Winter 100 
Totals 98 
Spring 20 
Summer DFT 
Totals 23 


Table 3.7. Lands End profiles. 


Compressional 
Thickness, Velocity, Attenuation, Density, 
Layer Material m/s (dB/km)/Hz g/cm 
Sea Floor 

1.85 

1 Silt-clay 
1.85 

2 Mudstone 2.0 
DAD 

3) Sedimentary 2.64 


rock 


Table 3.8 Sediment properties of the Lands End site. 


3.5 Korea Strait 


The area chosen for the Korea Strait site was a two-degree square, 32°-34°N, 
126.5°-128.5°E, which includes the locations of the 1966, Fasor Station OAK and the 
SHAREM 26 trials (1978) (Reference 9). The area and site are shown on the bathymetry 
chart in Figure 3.9. 


A summary of the sound speed profile data set is given in Table 3.9. This data set 
is quite large with over 500 profiles after excluding those from 1943. The positive gradient 
profiles are 85 percent for fall and winter and 27.6 percent for spring and summer. 


Representative sound speed profiles for the Korea Strait site are shown in Figure 
3.10 to the average water depth of 128 m. The winter profile has a small (average .02) 
positive gradient from surface to bottom while the summer profile has relative strong 
negative gradients below 10 m depth. 


9. Reference available to qualified requestors. 
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Figure 3.9. Chart of local area — 
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Positive Positive 
Season Gradient, # Gradient, % 


Fall 
Winter 
Totals 


Spring 
Summer 


Totals 


Table 3.9. Korea Strait sound speed profiles. 


Sediment properties for this site are given in Table 3.10. This geoacoustic model 
was constructed by Dr. E. L. Hamilton of NOSC, Code 5031, from qualitative information 
about the composition and layering of the sediments (Reference 10). The sea floor at the 
site is smooth and flat. The surface sediment is a fine sand. The sediment of mud (silt-clay) 
over the acoustic basement (assumed to be basalt) in the general area may vary between 
about 400 and 2000 m and is modeled at 1000 m thickness here. The fine sand surface 
sediments (modeled here to be 3 m thick) do not extend over the entire Korea Strait (Ref- 
erence 11). A geoacoustic model at a location in the northeastern part of the Strait will 
probably be nearly the same as Table 3.10 without the fine sand surface layer. 


Compressional 
Thickness, | Depth, Velocity, Attenuation, Density, 
Layer Material m m/s (dB/km)/Hz g/cm3 
Sea Floor 
1,93 
1 Fine sand 4 1.93 
2 Terrigeneous 3+ E53 
Mud 100 1.66 
(silt-clay); 200 ; 1.78 
turbidities 400 1.99 
600 2.14 
800 : 2.35 
1000 { 2.31 
3 Basalt 1000+ 4100 2.33 


Table 3.10. Sediment properties at the Korea Strait site. 


10. Reference available to qualified requesters. 
11. Reference available to qualified requesters. 
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Figure 3.10. Characteristic winter and summer sound speed profiles 
for the Korea Strait site. The summer profile is an August profile. 


3.6 Straits of Sicily 


The Straits of Sicily site, 36°-38°N, 11°-13°E, is located on the chart (Refer- 
ence 12) in Figure 3.11. The straits separate Sicily from Africa and divide the Mediterranean 
Sea into two basins. The bathymetry is complicated in the central part but simple on the 
continental shelves along the Sicilian and African coasts. The sea floor of the shelf area is 
very flat except for a few very shallow banks. In the middle of the straits there is a region 
of depths greater than 900 m. In the complicated zone between, the depths very between 
200 and 900 m. 


The data sample from this area contains sound speed profiles to 700 m in depth with 
about one-third of the sample profiles deeper than 200 m. The representative winter and 
summer profiles are shown in Figure 3.12. Two bottom depths are considered in our model, 
165 mand 500m. The characteristic deep profiles (S00 m) were found to be extensions of 
the shallower sound speed profiles (150-200 m). 


Table 3.11 gives a summary of the sound speed profiles. Although the sampling for 
fall and winter is not robust, the 98 percent positive gradient profiles found are most likely 
a true value. The percentage found in spring and summer (10.3) is the average of the two 
seasons. 


The geoacoustic models of the sediments in the Straits of Sicily were taken from 
Reference 13 and are given in Tables 3.12 and 3.13. The model in Table 3.12 is applicable 
to water depths shoal of 300 m while the second model (Table 3.13) is applicable in the 
deeper waters of the straits. Both have an acoustic basement of limestone and chalk 
although at different depths. The compressional wave attenuation is an order of magnitude 
greater in the shallow model while the densities differ only slightly. 


Positive Positive 

Season Gradient, # Gradient, % 
Fall 9592) 
Winter 100.0 

Totals 98.0 
Spring 5.6 
Summer 15.0 

Totals (10.3) 


Table 3.11. Straits of Sicily sound speed profiles. 


12. Oceanography of the Straits of Sicily, Thomas D. Allen, Tuncay Akal and Robert Molcard, Pro- 
ceedings of a conference held at SACLANTCEN on 11-12 April 1972, SACLANT ASW Research 
Centre, 15 September 1972. 

13. Geoacoustic Models for the Straits of Sicily and Sardinia-Tunisia, J. E. Matthews, Ocean Science 
and Technology Laboratory, Naval Ocean Research and Development Activity (unpublished 
manuscript). 
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Figure 3.11. Chart of local area — Straits of Sicily. 
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Figure 3.12. Characteristic winter and summer sound speed profiles for 
the site in the Straits of Sicily. 
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Compressional 


Thickness, Velocity, Attenuation, | Density, 
Layer Material m m/s (dB/km)/Hz g/cm3 
Sea Floor 
1.81 
1 Clay, silt 
and sand 1.81 
2 Limestone 2.16 
and chalk 
Table 3.12. Straits of Sicily sediments — shallow model*. 
*This model is applicable to water depths shoal of 300 meters. 
Compressional 
Thickness, Velocity, Attenuation, | Density, 
Layer Material m m/s (dB/km)/Hz g/cm3 
Sea Floor 
1.52 
1 Clay, silt iosS) 
and silty 1.57 
clay 1.65 
1.78 
1.88 
1.95 
2.01 
2 Limestone 2.16 


and chalk 


Table 3.13. Straits of Sicily sediments — deep model. 


3.7 Shallow Bering Sea 


The Bering Sea has an extended amount of shallow water between 30 m and 
100 m in depth. The region chosen for a site is located 56°-59°N, 165°-169° W (see 
Figure 2.2). The sound speed profiles from this area were mostly between 50 and 100 m 
in bottom depth. The data sample was divided into two seasons, October-March and 
April-September. Results are summarized in Table 3.14. The small number of profiles 
from the winter months is understandable due to the unhospitable weather conditions at 
that time of year. However, each of those 13 profiles were positive gradient profiles. It is 
very highly probable, if not 100 percent certain, that surface ducted sound speed profiles 
will be found in the fall and winter months in the shallow Bering Sea. In contrast, only 
13.4 percent positive gradient profiles were found during spring and summer. 
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Positive 
Gradient, % 


Positive 
Gradient, # 


Season 


April-September 


October-March 100.0 


Table 3.14. Shallow Bering Sea sound speed profiles. 


No calculations were made for this area. However, propagation testing has been 
done here (References 4 and 5) and sediment properties are obtainable. Thus, optimum 
frequency studies and/or comparisons to propagation loss data will be included in future 
reports. For this site, as well as the remaining two sites, no detailed bathymetry and sound 
speed profiles will be included in this report. 


3.8 The Bass Strait 


The Bass Strait is between Australia and the Island of Tasmania. This is a southern 
hemisphere site that has sufficient (year round) data in the NODC data banks. The site 
location is 39°-41°S, 145°-149°E (see Figure 2.2). Water depths varied between 30 and 
90 m with an averaged recorded depth (in our data sample) of 66.2 m. There was a high 
number of positive gradient profiles from each season as seen in Table 3.15. 


Positive Positive 

Season Gradient, # Gradient, % 
July-September 96.4 
April-June 74.1 
Totals 85.5 
October-December 60.0 
January-March 59.6 
Totals 60.0 


Table 3.15. Bass Strait sound speed profiles. 


Even in the spring and summer months (the seasons are reversed in the Southern 
Latitudes) 60 percent of the sample profiles were of the positive gradient type. During 
fall and winter, surface ducted propagation is expected about 86 percent of the time, 
the average of 96 percent in winter and 74 percent in fall. 


No propagation loss calculations were made in this location due to the lack of sea 
floor sediment information. 


3.9 North Coast of Brazil 

This site is located on the continental shelf off the coast of Brazil. The location is 
shown in Figure 2.2 and is included within 0-1.5°N, 46.5°-48.5°W; 1.5°-2°N, 47°-49°W; 
2°-3°N, 47.5°-50°W and 3°-4°20'N, 48°-50°W. This area was enlarged in this manner to 
include the shelf area between the mouth of the Amazon River and the Amazon Canyon 
and to increase the number of sound speed profiles in the data sample. 


Sh7/ 


The majority of the profiles in our sample (60 percent) were less than 75 m in 
depth while only 19 percent were greater than 100 m deep. Profiles greater than 300 m 
were edited out of our data sample. Table 3.16 summarizes the sound speed profiles 
found in this area. A large majority (>85 percent) were positive gradient profiles. All 
profiles from January-March and 76 percent of the July-December profiles were positive 
gradient profiles. The few deep profiles had large negative gradients from 100 to 300 m. 


Positive 
Gradient, % 


Positive 
Gradient, # 


Season 


January-March 


August-December 76. 


Table 3.16. Coast of Brazil sound speed profiles. 


No profiles were found in the months of April-July. No propagation loss calcula- 
tions were made for this area. 


3.10 Summary 


Table 3.17 summarizes the positive gradient profile data. The winter profiles from 
each site were predominately of the positive gradient type; eight of the nine sites had 
90-100 percent positive gradients. The ninth site, East of Singapore, a low latitude site, 
showed 82 percent positive gradients in the winter and 71 percent overall. Numbers of 
positive gradient profiles are low in summer at mid and high (58°) latitudes. The exception 
is the Bass Strait, 40°S latitude, where 60 percent positive gradients were found in the 
summer. This may be an isolated case. The small number of sites does not allow any strong 
statements on the dependence upon latitude. No sites at latitudes above 60° or between 
10° and 30° were sampled. The large number of positive gradient profiles found at all 
sites may be in part due to our definitions. The seasonal dependence at low latitudes 
(where seasonal effects should be minimal) is somewhat surprising. In general, we sensed 
that seasonal and latitudinal dependencies in shallow water may be overshadowed by land- 
mass effects. 


Positive Gradient Profiles, % 


Latitude 


Summer Winter 


North Sea 

Shallow Bering Sea 100 
Lands End 100 
Strait of Juan de Fuca 98 
Bass Strait 96 
Straits of Sicily 100 
Korea Strait 90 
North Coast of Brazil 100 
East of Singapore 82 


Table 3.17. Summary of positive gradient profiles. 


38 


Characteristic or representative profiles were chosen only for those sites where 
propagation loss calculations were made — the shallow Bering Sea, Bass Strait and North 
Coast of Brazil are not in this set. The characteristic winter profiles chosen for each site 
were ones with positive gradients from surface to bottom. Representative summer profiles 
are of the non-positive gradient (downward refracting) type. Non-positive gradient pro- 
files at East of Singapore occurred in only 40 percent of the summer observations but the 
characteristic profile was chosen to be non-positive to contrast with the winter profile. 


4. ACOUSTIC RESULTS 
4.1 Propagation Loss Calculations 
4.1.1 North Sea 


The computational models for the water column (Table 4.1) and for the sediments 
(Table 4.2) for the North Sea site are as follows: 


Winter Intermediate 
Sound Speed, Depth, Sound Speed, Sound Speed, 
m/s m m/s m/s 
0 1475.8 0 i507 
10 1476.7 30 1503 
100 1478.4 WS 1480.5 
100 1477.6 


Table 4.1. Sound speed in the water column. 


Sound Sound 
Bottom Sediment Speed Speed Gradient Absorption | Absorption 
Layer Depth, Top, Bottom, Top, Top, Bottom, Density, 
Number m/s m/s sol (dB/km)/Hz | (dB/km)/Hz| g/cm 


Table 4.2. Sediment parameters used in computations, North Sea site. 


Sediment sound speeds given here are for the winter profile. Those for the other 
seasonal profiles will be adjusted to keep the ratio of surface sediment to bottom water 
constant (1.19 for the North Sea site). Density in the water was assumed to be 1.03 and 
a constant value in each sediment layer. 


Propagation loss as a function of frequency is shown in Figure 4.1 for the winter 
profile (positive gradient), Figure 4.2 for the summer profile and Figure 4.3 for the inter- 
mediate profile (downward refracting). The source depth was 25 m and the receiver depth 
was optimized. The concept of optimum receiver depth is illustrated in Figure 4.4. In this 
figure the depth functions of propagation loss are shown for the frequencies of 150, 300 
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Figure 4.1. Propagation loss for optimum receiver depth vs frequency for 
ranges of 50, 100 and 150 km. North Sea winter (positive gradient) 
profile; source depth 25 m. 
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Figure 4.2. Propagation loss for optimum receiver depth vs frequency for ranges of 
50, 100 and 150 km. North Sea summer profile; source depth 25 m. 
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Figure 4.3. Propagation loss for optimum receiver depth vs 
frequency for ranges of 50, 100 and 150 km. North Sea 
intermediate profile; source depth 25 m. 
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Figure 4.4. Propagation loss vs receiver depth for the frequencies of 150, 
300 and 600 Hz; North Sea summer profile; source depth 25 m. 
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and 600 Hz. The minimum loss is about 105 dB at 150 Hz, 89 dB at 600 Hz and 76 dB 
at 300 Hz. These are the values of propagation losses at 150, 300 and 600 Hz that were 
plotted in Figure 4.2 for the 100 km curve. 


From Figure 4.4 we note that the minimum loss at 150 Hz occurs at a receiver 
depth of about 65 m, while at 300 Hz and 600 Hz the minimum loss is near the source 
depth at 25 m. In Figure 4.5 propagation loss versus receiver depth is given for the same 
three frequencies but for a source depth of 90 m. The minimum losses occur at receiver 
depths which are conditionally similar to those in Figure 4.5 (65 or 70 m at 150 Hz and 
near the source depth (90 m) at 300 and 600 Hz), but the propagation is much better for 
the 90 m source. Propagation losses for these frequencies are 5-20 dB less. The 90 m 
source is obviously more efficient in exciting those modes which propagate best by succes- 
sive bottom bounces from this highly reflecting bottom at low frequencies. 


Optimum frequencies of propagation for the North Sea site are about 300 Hz for 
both the winter and summer conditions. The optimum frequency of propagation is near 
275 Hz for the intermediate profile. The low loss and sudden decrease in loss with fre- 
quency near 250-300 Hz (Figures 4.2 and 4.3) are due to a corresponding variation in the 
bottom reflection loss in the North Sea area. This is discussed in Section 4.2. 
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Figure 4.5. Propagation loss vs receiver depth for the frequencies of 150, 300 and 600 Hz; 
North Sea summer profile, source depth 90 m. 
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Except in the vicinity of the minimum loss the propagation losses for the summer 
and intermediate profiles are 10-30 dB greater than for the winter profile in the frequency 
range displayed. At optimum frequencies the propagation losses are about the same for the 
three profiles. The results for the summer profile (Figure 4.2) and the intermediate profile 
(Figure 4.3) differ mainly only at the frequency extremes, below 200 Hz and at about 700 
Hz and longer ranges. The decrease in loss near 250-300 Hz is more abrupt for the 
intermediate profile and the decrease in loss near 700 Hz (Figure 4.3) is shifted to 900 Hz 
in Figure 4.2 for the summer profile. The most significant difference between these two 
profiles is that the sound speed at the source depth of 25 m is greater by about 6 m/s for 
the intermediate profile (see Figure 3.2). 


4.1.2 Strait of Juan de Fuca 


The water column and the sea floor sediments in the area of the Strait of Juan de 
Fuca site were modeled for propagation loss computations as shown in Tables 4.3 and 4.4. 


Fall 


Sound Speed, 
m/s 


Winter 


Sound Speed, 
m/s 


130 


Table 4.3. Sound speed in the water column. 


Bottom Sediment Gradient Absorption Absorption 
Layer Depth, Top, Top, Bottom, Density, 
Number m 1 (dB/km)/Hz | (dB/km)/Hz | g/ em? 
1 1.61 
2 D3 


Table 4.4. Sediment parameters used in computations, Strait of Juan de Fuca. 


Sediment sound speeds are given for the winter profiles. The adjustment is made 
for the other seasonal profiles to keep the ratio of sound speeds (surface sediment to bot- 
tom water) equal to 1.03. Density in the water is assumed to be 1.03 and a constant value 
in each sediment layer. 


Propagation loss for optimum receiver depth as a function of frequency is shown 
in Figure 4.6 (winter), Figure 4.7 (summer) and Figure 4.8 (fall) for the different seasonal 
profiles. Optimum frequencies of propagation are about 300 Hz for the positive gradient, 
winter conditions, about 125 Hz for the non-positive summer profile and 900-1000 Hz for 
the fall profile. The propagation losses are much less for the winter profile, about 10 dB 
at optimum frequency and 10-50 dB less elsewhere. Propagation is slightly better at opti- 
mum frequency for fall compared to summer but is lower at other frequencies. 
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Figure 4.7. Propagation loss for optimum receiver depth vs frequency for ranges of 50, 
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Figure 4.6. Propagation loss for optimum receiver depth vs frequency 


for ranges of 50, 100 and 150 km. Strait of San Juan de Fuca winter 
(positive gradient) profile; source depth 25 m. 
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100 and 150 km. Strait of Juan de Fuca summer (non positive) profile; source 
depth 25 m. 
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Figure 4.8. Propagation loss for optimum receiver depth vs frequency for ranges of 50, 100, and 
150 km. Strait of Juan de Fuca fall profile; source depth 25 m. 


The fall profile has a positive gradient to 30 m (see Figure 3.4), which includes the 
source at 25 m. This contributes to the irregularities in the propagation loss curves (Figure 
4.8) near 900 Hz. 


4.1.3 East of Singapore 


The sound speed profiles and sea floor sediment parameters for the East of Singa- 
pore site are modeled for propagation loss computations in Tables 4.5 and 4.6. 


Winter Summer* 
Depth, Sound Speed, Sound Speed, 
m m/s m/s 
0 1542.3 
10 1542.0 
50 1541.9 
1541.35 
1541.45 


*A non-positive gradient profile was chosen here because the author wanted to have 
contrasting winter and summer conditions. 


Table 4.5. Sound speed in the water column, East of Singapore site. 
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Bottom | Sediment Gradient Absorption Absorption 
Layer Depth, Top, Top, Bottom, Density, 
Number sl (dB/km)/Hz | (dB/km)/Hz | g/cm 


1523419) LOT 19 ES 
2 1830.0 | 1943.0 1.95 
3 4200.0 2-31 


Table 4.6. Sediment parameters used in computations, East of Singapore. 


The sediment sound speeds are given for the winter profile and should be adjusted 
for the summer case to keep the ratio of sound speeds (surface sediment/bottom water) to 
0.99. The density of water was taken to be 1.02 and the density in each sediment layer was 
assumed to be constant. 

Propagation loss for optimum receiver depth as a function of frequency is shown in 
Figure 4.9 (winter profile) and Figure 4.10 (summer profile). High bottom reflection losses 
exist at this site due to the slow sound speed in the sediment. Therefore, the propagation 
losses calculated for the summer profile are quite high and only visible on the graph at 
50 km in the frequency range 800 to 4000 Hz and at 100 km for frequencies 2200-3200 Hz. 


Optimum frequency of propagation is near 3000 Hz for the summer conditions and 
about 1000 Hz for winter conditions. The minimum loss is greater by more than 10 dB for 
the summer profile. 


4.1.4 Lands End 


Computational models for the water column (Table 4.7) and for the sediments 
(Table 4.8) for the Lands End site are the following: 


Winter Summer* 
Depth, Sound Speed, Depth, Sound Speed, 
m m/s 


m/s 


0) 1491.1 0 1515.6 
10 1491.49 10 1515.1 
20 1491.51 20 1515.0 

125 1493.5 30 1504.6 
50 1494.3 
75 1493.0 
125 1493.8 


Table 4.7. Sound speed in the water column, Lands End site. 


Bottom 
Layer 
Number 


Gradient Absorption Absorption 
Top, Top, Bottom, 
s7l (dB/km)Hz (dB/km)/Hz 


Sediment 
Depth, Density, 


g/cm 


0.50 0.38 1.85 
0.38 0.28 1.85 
0.03 0.02 2.0 

0.01 2.64 


Table 4.8. Sediment parameters used in computations, Lands End. 
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Figure 4.9. Propagation loss for optimum receiver depth vs frequency 
for ranges of 50, 100 and 150 km. East of Singapore winter (positive 
gradient) profile; source depth 25 m. 
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Figure 4.10. Propagation loss for optimum receiver depth vs 
frequency for ranges of 50 and 100 km. East of Singapore 
summer profile; source depth 25 m. 
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As in all of the computational models in this report, the listed sediment sound 
speeds are for the winter profile with the ratio of sound speeds (surface sediment/bottom 
water) equal to 1.12 for Lands End and adjusted accordingly for the summer profile. 


Calculated minimum propagation losses as a function of frequency are shown in 
Figure 4.11 (winter profile) and Figure 4.12 (summer). The positive gradient conditions 
(winter, Figure 4.11) do not show much frequency dependence over the range shown. How- 
ever, optimum frequencies of propagation are about 300 Hz for the winter profile (based 
on the propagation to 150 km) and about 900 Hz for the summer conditions. Also propa- 
gation losses are 10 dB greater for the summer profiles. The irregularities in the curves in 
Figure 4.12 (summer profile) are due to a near-isovelocity portion of the profile above 
20 m (see discussion in Section 4.2.1). 


4.1.5 Korea Strait 


The computational models for the Korea Strait site are given in Table 4.9 for the 
water column and in Table 4.10 for the sediments. 


Winter Summer 


Depth, Sound Speed, Depth, Sound Speed, 
m m/s m m/s 


0 1503.0 1536.3 

128 1505.24 1534.3 

1527.5 

1517.7 

1507.5 

Table 4.9. Sound speed in the water column, Korea Strait. 
Sound Sound 
Bottom Speed Speed Gradient Absorption Absorption 
Layer Top, Bottom, Top, Top, Bottom, Density, 

Number m/s m/s gl (dB/km)/Hz | (dB/km)/Hz | g/cm 
0.4 1.93 
0.07 153 


2.33, 


Table 4.10. Sediment parameters used in computations, Korea Strait. 


The sediment sound speeds are given for the winter model and should be adjusted 
to keep the ratio of sound speeds (surface sediment/bottom water) equal to 1.17 before 
calculations for the summer (or another) profile are performed. The density in the water 
column was 1.03 and the densities in each sediment layer are assumed constant within 
layers. 


The sound speed at the top of the second layer of sediment in Table 4.10 is not 
the same as in Table 3.10. Difficulties in the normal mode calculations were experienced 
with the lower velocity. This sediment model is similar to the North Sea sediments in that 
each has a surface layer of fine sand of about the same sound speed and layer thickness 

2 m for North Sea versus 3 m here) and no difficulties were experienced for the North 
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Figure 4.11. Propagation loss for optimum receiver depth vs frequency for ranges of 50, 100 and 
150 km. Lands End winter (positive gradient) profile; source depth 25 m. 


70 


LANDS END 
SUMMER PROFILE 
SOURCE 25 m 


<A 


RANGE 


80 
50 km 


90 


110 


120 


50 100 200 300 500 700 1000 2000 


FREQUENCY, Hz 


Figure 4.12. Propagation loss for optimum receiver depth vs frequency for ranges of 50, 100 and 
150 km. Lands End summer profile; source depth 25 m. 
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Sea computations. Thus, in an attempt to overcome our present problems, the sound 
speed at the top of the second layer was increased to approach that in the North Sea 
model. A sound speed of 1600 m/s allowed convergence for modes of propagation with a 
consistent set of phase velocities. 


Computed propagation losses are shown in Figure 4.13 for the winter profile. As 
evidenced by the anomalously high losses, we still have problems with the computational 
model. The failure to compute reasonable losses at frequencies of 250-500 Hz for the 
winter profile make this figure suspect. Since this sediment model (see Section 3.5) was 
of interim status, further investigation of this type of computational profile will be made 
at a future date. However, the optimum frequency of propagation for the positive gradient, 
winter case (Figure 4.13) is probably between 200 and 650 Hz. 


Figures 4.14 and 4.15 show propagation losses calculated for the winter and summer 
profile conditions, respectively, and for a sea floor sediment model without the 3-m sand 
layer. Optimum frequencies of propagation are about 475 Hz for winter conditions and 
at low frequencies (less than 50 Hz) for the summer profile conditions. High bottom reflec- 
tion losses and downward refraction combine to give very high losses for summer (Figure 
4.15). A 100m source depth was used to obtain losses at ranges of 25 and 50 km. Propa- 
gation losses at 50 km are about 40 dB higher at optimum frequencies for the summer 
profile versus the winter profile (114 dB at 40 Hz (Figure 4.15) versus 74 dB at 475 Hz 
(Figure 4.14)). At 100 Hz the propagation loss is greater by over 60 dB at 50 km for the 
summer profile. 


PROPAGATION LOSS, dB 


KOREA STRAIT 
WINTER PROFILE 
25 m SOURCE 


100 200 300 500 700 1000 2000 3000 
FREQUENCY, Hz 


Figure 4.13. Propagation loss for optimum receiver depth vs frequency for ranges 
of 50, 100 and 150 km. Korea Strait winter profile, source depth 25 m. 
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Figure 4.14. Propagation loss for optimum receiver depth vs frequency for 
ranges of 50, 100 and 150 km. Korea Strait winter profile without the top 
sediment sand layer; source depth 25 m. 
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Figure 4.15. Propagation loss for optimum receiver depth vs frequency for 
ranges of 25 and 50 km. Korea Strait summer profile without the top 
sediment sand layer; source depth 100 m. 
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The principal reason for making the Figure 4.14 and 4.15 calculations is that the 
fine sand surface layer found at this site is not present in the sediments to the east 
(150-200 km from the center of the site) but is still well within the Strait (References 10, 
11). Therefore, acoustic propagation can vary greatly within the Korea Strait due to posi- 
tion and frequencies of transmission even without a narrow frequency range. 


A second sample of sound speed profiles taken 34.5°-35.5°N, 130°-131°E, (East 
Korea Strait) showed summer and winter profiles very similar to our sample and would 
have like characteristic profiles. However, profiles from that part of the Strait (not 
sampled) north of Tsushima Island may show different sound speed profiles due to the 
influx of cold water from the Sea of Japan as well as possibly different sediment properties. 
Acoustic propagation and optimum frequencies may differ in that part of the Strait as well. 


4.1.6 Straits of Sicily 


The numerical parameters for the models used in the calculations of propagation 
loss for the site in the Straits of Sicily are given in Table 4.11 (water column) and Table 
4.12 (sediments for the shallow and deeper water models). As mentioned previously 
(Section 3.6) we have taken the two geoacoustic models from Reference 13, that are 
applicable to sediments in water that is shoal of 200 m and to water depths greater than 
500 m, respectively. The sound speed profiles representative of this site are given in 
Table 3.11. The deeper profiles (to 500 m) are extensions of the sound speed profiles to 
150-200 depths. 


Winter Summer 

Sound Sound 
Depth, Speed, Depth, Speed, 

m m/s m m/s 
0 1509.3 0 1535.0 
50 1509.7 10 1535.5 
100 1509.5 20 1526.5 
Depth of shallow model ———}® 165 1512.1 60 NS NSeS) 
500 1517.0 125 1511.7 
150 1511.8 
165 1512.5 
Water depth of deeper model ———__—___»» 500 1516.8 


Table 4.11. Sound speed in the water column, Straits of Sicily. 


Sound 
Bottom Sediment Speed Gradient Absorption Absorption 
Layer Depth, Top, Top, Top, Bottom, Density, 
Number m/s s7 (dB/km)/Hz | (dB/km)/Hz| g/cm 


0.45 


500 m Model: Surface sediment/bottom water = 0.99 


1 0.0 1501.3 Wes 0.86 0.027 .0345 52, 
2 250.0 L3 1936.3 0.56 0.0345 0235 1.83 
3 500.0 2200.0 -0.1 0.02 2.16 


Table 4.12. Sediment parameters used in computations, Straits of Sicily. 
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Calculated minimum propagation losses as a function of frequency are shown in 
Figure 4.16 (winter profile) and Figure 4.17 (summer profile) for the 165 m water depth. 
The propagation losses in the positive gradient case (Figure 4.16) are much less (10-15 dB 
at 100 Hz) than those in the downward refraction case (Figure 4.17), especially at the 
ranges of 100 and 150 km. However, at the 50 km range and optimum frequencies of 
propagation, 250 Hz for the winter profile and 650 Hz for the summer profile (downward 
refraction), the difference is only 5 dB. 


Figure 4.18 (winter profile) and Figure 4.19 (summer profile) show the minimum 
propagation loss calculated for ranges of 50, 100 and 150 km for water depth of 500 m. 
Optimum frequency of propagation for the winter profile is about 300 Hz, nearly equal 
to that for the 165 m depth. For the downward refraction case (summer profile) the 
optimum frequency of propagation is about 40 Hz. The propagation losses for the summer 
profile are much greater than those for the winter profile. At 100 Hz and the range of 100 
km, the difference is 20 dB. At 200 Hz and 50 km, the propagation loss is 15 dB greater 
in the downward refraction case. 


Except at low frequencies (less than 100 Hz), the propagation losses for the 165 m 
water depths (shallow) are less than the losses for the 500 m depth. For the winter profiles 
(Figure 4.16 and Figure 4.18) the propagation losses are 10-20 dB less for the shallow 
case at frequencies above 500 Hz. Comparisons between Figures 4.17 and 4.19 (summer 
profiles) show even greater differences. Propagation losses are 10-60 dB less at 50 km for 
the 165 mdepth. At frequencies below 100 Hz, the propagation loss curves for the 165 m 
depth and for 100 and 150 km ranges show greater loss with decreasing frequency so at 
50-70 Hz the propagation losses are nearly equal at the 100 km range and are less at the 
150 km range for the 500 m water depth. In these cases the optimum receiver depth was 
near the bottom. 


4.2 Propagation Loss Comparisons 


For purpose of discussion and illustration, comparisons between the first four sites 
will be discussed as a group. Also, a natural division arises due to the questionable results 
for the Korea Strait and to the two water depths and two sediment models in the Straits 
of Sicily. 


4.2.1 Comparison Among Four Areas 


Figure 4.20 compares the propagation losses calculated for the winter (positive 
gradient) sound speed profiles for four areas, the North Sea, Lands End, Strait of Juan de 
Fuca and East of Singapore sites, at the range of 50 km. Figure 4.21 is a similar comparison 
for the summer profiles. With the exceptions noted below, the propagation losses for the 
winter profiles generally are about 10 dB less than for the summer profiles. The East of 
Singapore site is very different from the others as the result of a much greater bottom loss. 
The sediment here is a fine grained clay with a sound speed less than that of the bottom 
water, which is very different from the silt and sand sediments of the other three areas. 


Figure 4.22 shows bottom reflection losses for each area at two frequencies, 200 
and 1000 Hz. These losses were determined by the normal mode program at the grazing 
angles corresponding to the modes. Smooth curves have been drawn through those points 
and arbitrarily brought to zero loss at zero grazing angle. The much greater bottom losses 
for the East of Singapore site are readily seen in this figure. 
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Figure 4.16. Propagation loss for optimum receiver depth vs frequency for 
ranges of 50, 100 and 150 km. Straits of Sicily winter profile, 165 m 
bottom depth; source depth 25 m. 
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Figure 4.17. Propagation loss for optimum receiver depth vs frequency for 
ranges of 50, 100 and 150 km. Straits of Sicily summer profile, 165 m 
bottom depth; source depth 25 m. 
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Figure 4.18. Propagation loss for optimum receiver depth vs frequency for 
ranges of 50, 100 and 150 km. Straits of Sicily winter profile, 500 m 
bottom depth; source depth 25 m. 
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Figure 4.19. Propagation loss for optimum receiver depth vs frequency for 
ranges of 50, 100 and 150 km. Straits of Sicily summer profile (downward 
refracting), 500 m bottom depth; source depth 25 m. 
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Figure 4.20. Comparison of propagation loss for optimum receiver depth vs frequency results 
for four sites and the 50 km range; source depth 25 m (winter profiles). 
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Figure 4.21. Comparison of propagation loss for optimum receiver depth vs frequency results 
for four sites and the 50 km range; source depth 25 m (summer profiles). 
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Figure 4.22. Bottom reflection loss vs grazing angle for the four sites at frequencies 
of 200 and 1000 Hz. 


The East of Singapore summer profile has its best propagation at frequencies 
between 1500 and 3000 Hz (Figure 4.21). This propagation is due to a weak refractive duct 
in the sound speed profile (see Figure 3.6) with a sound axis depth of 30 m. The source at 25 m 
is just out of this duct and energy reaches it by diffraction. Thus, the propagation here is 
a sensitive function of source depth. (In these calculations, receiver depth is optimized, 
i.e., taken at the depth of maximum propagation, which in this case was near 30 m depth). 


Of these four areas, East of Singapore best illustrates the phenomenon that led to 
the initiation of this investigation: when a surface duct exists in shallow water, it dominates 
the propagation and leads to a completely different frequency of maximum propagation. 

It is now apparent that high bottom loss is required to display this effect fully. In this area 
the high bottom loss and the small water depth (50 m) combined to produce a bottom 
reflected propagation loss that is entirely off the scale of Figure 4.21. A range less than 

50 km would be required to show the nature of the bottom reflected propagation. 


57 


A feature in Figure 4.21 is the very low propagation loss for the North Sea summer 
profile near 250-600 Hz. This results from an unusual bottom reflection loss curve as 
shown in Figure 4.23. For grazing angles less than about 10 degrees, an interval of almost 
perfect reflection can be seen for the frequencies of 250 and 275 Hz. Several modes occupy 
this interval and propagate with negligible loss. The source depth will strongly determine 
how these modes will enter the propagation. The peak in Figure 4.21 is at 275 Hz. This 
discussion also helps to explain the sudden decrease in loss in Figures 4.2 and 4.3. 


The bottom model for this site (North Sea) has a 2 m depth of sand as the first 
sediment layer. The sound speed in this sand layer is very high and the critical angle is 
about 33 degrees grazing. However, either its shallow depth (2 m) or large absorption 
causes the rapid increase in reflection loss near the 10 degrees grazing angle. At lower 
angles nearly perfect external reflection occurs. However, at high frequencies near | kHz, 
the loss becomes more in line with the other areas. 


NORTH SEA 


BOTTOM REFLECTION LOSS, dB 


“0 5 10 15 20 25 30 
GRAZING ANGLE, deg 


Figure 4.23. Bottom reflection loss vs grazing angle for the North Sea site 
and frequencies of 225, 250 and 275 Hz. 
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Another small anomaly in Figure 4.21 is the minimum in the propagation loss for 
the Lands End summer profile near 800 Hz. This irregularity arises from the sound speed 
profile which has near isovelocity water in the top 20 meters. Rays vertexing at this depth 
have extra long loop lengths and thus reflect from the bottom less often and suffer less 
bottom loss. When the mode structure provides a mode which corresponds to this effect, 
this mode has smaller loss. This happens near 800 Hz. 


4.2.2 Propagation Loss Comparisons Including the Korea Strait and the Straits of Sicily 


Figure 4.24 compares the propagation losses calculated for the winter profiles for 
the Korea Strait and the Straits of Sicily (two water depths) at the 50 km range with an 
average loss curve for the sand sediment areas of Figure 4.20. The region between 200 and 
600 Hz on the Korea Strait curve is dotted in to indicate the probable losses there. A 
similar comparison for the summer profiles is shown in Figure 4.25 with the Korea Strait 
and Lands End omitted. The propagation losses for the 165 m Straits of Sicily, winter 
profile, are nearly the same as the average losses for the previously noted sand areas and are 
about 10 dB lower than those for the summer profiles except in the region of 600 to 650 
Hz. The summer profile losses there show a shift in the loss curve in the amount of 4-5 dB 
less loss. This arises from the nature of the bottom reflection loss dependence upon fre- 
quency. At 600 Hz, the magnitude of the bottom loss increases suddenly at about 7.4 
degrees, while at 650 Hz a similar increase is at about 9.9 degrees. This causes the anomaly 
in the propagation loss at that point. Beyond 700 Hz, the loss resumes an increase in line 
with other curves in that region. At this time we are not aware of the physical mechanism 
involved. 


The most distinct feature of Figure 4.25 is the high loss shown for the 500 m depth 
Straits of Sicily. The profile is downward refracting to a slow bottom. These conditions 
lead to high propagation losses. This case is discussed further in the next section (4.2.3). 
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4.2.3 Effects of Sediment Attenuation 


The sediment models for the Straits of Sicily, as mentioned previously, were taken 
from Reference 13. In that report, Matthews gives two models (Geoacoustical Models IIA 
and IIB) for water depths in excess of 500 m which differ only in the attenuation coeffi- 
cient. We have used the “thigh attenuation”? model (IIB) in Table 4.13. The attenuation 
coefficients differ by a factor of 6 at the top of the first sediment layer. Table 4.13 com- 
pares the attenuation of the two models. 


Attenuation K, in (dB/km)/Hz 
Depth, 
m Model IIA | Model IIB 


Table 4.13. Attenuation coefficients. 
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Figure 4.24. Comparison of propagation loss for optimum receiver depth vs frequency results for 
the SO km range (winter profiles). 
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Figure 4.25. Comparison of propagation loss for optimum receiver depth vs frequency results for 
the 50 km range (summer profiles). 
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The propagation losses for the summer profile, 500 m depth, Straits of Sicily 
(see Figure 4.25) are quite high. Although the cause for this is not immediately evident, 
high bottom reflection losses are suspected. Thus, calculations of propagation loss and 
bottom reflection loss were made for several frequencies using both the low and high 
attenuation models. The resulting propagation losses (low attenuation) at 100, 200, 400 
and 800 Hz are plotted in Figure 4.25. They are represented by the open circles. The 
differences between the computed losses are high, 12 dB at 100 Hz, 18 dB at 200 Hz, 
26 dB at 400 Hz and over 40 dB at 800 Hz. 


Figures 4.26 and 4.27 show bottom reflection loss versus grazing angle for the 
low and high attenuation models and for the frequencies of 100, 200, 400 and 800 Hz. 
There are fluctuations in the data which are indicative of the layering in the sediments. 
The fluctuations are greater in magnitude as the frequency is increased; the layers become 
a major bottom interaction mechanism. 


The differences in bottom reflection loss calculated for the two sediment models 
are large even at 100 Hz: 1.5 dB at 10°, etc. These data are one output of the normal mode 
model and thus the largest angle shown is the grazing angle associated with the last mode 
used in the calculation. 


4.3 Comparison With Cylindrical Spreading 


The normal mode model used here assumes a perfectly reflecting sea surface, so the 
only sources of loss are bottom loss and volume attenuation. This can be used to classify 
different propagation loss curves. Figure 4.28 shows curves for cylindrical spreading loss 
plus volume attenuation which we computed by Thorp’s equation (Reference 8) for the 
three ranges 50, 100 and 150 km. Actual propagation loss cannot fit these curves in 
absolute value since the propagation must fall off initially with spherical spreading loss. 
However, the shape should be the same if absorption is the only frequency dependent 
mechanism at work. The winter profile results of Figure 4.20 are found to fit the 50 m 
range quite well above 200 Hz. The loss for the summer profiles (Figures 4.21 and 4.25) 
increases more rapidly with frequency than does the absorption only curve (Figure 4.28). 
This is to be expected since bottom loss is a factor in the summer (downward refracting) 
profiles and bottom loss generally increases with frequency. 


The increase in propagation loss at low frequencies over that of the absorption only 
curve occurs because at sufficiently low frequencies no modes are trapped by the positive 
gradients. Then all modes are equivalent to bottom reflected paths. With decreasing frequen- 
cy, these paths become steeper resulting in both greater reflection loss and more reflections, 
since the distance between reflections are closer. This is most evident in the East of Singapore 
case and can be easily seen in the propagation loss curves for the Korea Strait (Figure 4.24). 


The three curves of Figure 4.28 can be used also to indicate ducted propagation by 
noting the distance between them at a given frequency and comparing this distance with 
any propagation loss plots set for the same three ranges. If the distances are the same, then 
only absorption and cylindrical spreading are present. (The computational model used here 
has no surface reflection loss.) By such comparisons, we find that the propagation is ducted 
in a nearly lossless duct in the following: 


C) Winter Profile Cases 


North Sea above 400 Hz (Figure 4.1) 
Lands End above 300 Hz (Figure 4.11) 
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Figure 4.26. Bottom reflection loss vs grazing angle for the Straits of Sicily 
for the frequencies of 100 and 200 Hz and for the two sediment attenuations. 
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Figure 4.27a. Bottom reflection loss for the Straits of Sicily for two frequencies 
and two sediment attenuations. Frequency of 400 Hz. 
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Figure 4.27b. Bottom reflection loss for the Straits of Sicily for two frequencies 
and two sediment attenuations. Frequency of 800 Hz. 
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Figure 4.28. Cylindrical spreading loss plus absorption loss in the water as a function of frequency for 


fixed ranges of 50, 100 and 150 km. 


Strait of Juan de Fuca above 300 Hz (Figure 4.6) 
East of Singapore above 1000 Hz (Figure 4.9) 


e Summer and Intermediate Profile Cases 
North Sea around 300 Hz (Figures 4.2, 4.3) 
e Fall Profile Case 
Strait of Juan de Fuca above 900 Hz (Figure 4.8) 
Examples in other areas are: 
e Winter Profile Cases 


Korea Strait above 600 Hz (Figure 4.13, sand layer) 
Korea Strait above 400 Hz (Figure 4.15, no sand layer) 
Straits of Sicily above 100 Hz, 500 m depth (Figure 4.18) 
Straits of Sicily around 300-400 Hz, 165 m depth (Figure 4.16) 
We find a surface duct or a nearby lossless bottom reflected duct in each of these 
cases. 
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5. SUMMARY OF RESULTS AND CONCLUSIONS 


1. Nine shallow water areas were examined for the presence of positive sound 
speed gradients. Ninety percent of the fall-winter sound speed profiles and 31 percent of 
the spring-summer profiles were of the positive gradient type. 


2.  Inthree areas 60-76 percent of the spring-summer profiles were positive 
gradient. These were the low latitude areas, East of Singapore, the North Coast of Brazil 
and the Bass Strait, the region between Australia and Tasmania. 


3. Positive gradient (winter) profiles generally resulted in at least 10 dB less loss 
at the 50 km range than did the non-positive gradient (summer) profiles. 


4. Three of the areas in which propagation losses were calculated, North Sea, 
Strait of Juan de Fuca and Lands End, had coarse grained sediments resulting in small 
bottom reflection losses and relatively good propagation by bottom reflected paths. In 
these cases optimum propagation is in the 500 Hz frequency range. 


5. Optimum frequencies of propagation for positive gradient surface ducts varied 
from 200 to 1000 Hz. 


6. When a surface duct exists in shallow water it can dominate the propagation 
and lead to a completely different optimum frequency of propagation. However, to 
demonstrate this effect, high bottom loss is required. This is illustrated at the East of 
Singapore site. 

7. The 500 m depth, Straits of Sicily results support the generally accepted con- 
clusion that the optimum frequency of propagation occurs at a relatively low frequency 
for the case of downward refraction. However, high bottom loss is dominant in this case. 


8. A -change in the magnitude of the compressional wave attenuation in the 
sediment model produces a proportional change in the bottom reflection loss and can lead 
to large changes in the calculated propagation loss. This was evident in the Straits of 
Sicily calculations. 


9. Propagation by bottom reflected paths is a very sensitive function of sediment 
types. Sediment models used here produced propagation ranging from very good to very 
poor. Many details of this propagation in the frequency domain were unexpected. 


6. RECOMMENDATIONS 
1. The prevalence of surface ducts in shallow water needs to be determined in 
many more areas. 


2. The relative dominance of a surface duct when present in shallow water propa- 
gation needs further clarification. 


3. Since bottom reflection loss is a large factor in shallow water propagation, the 
dependence of bottom loss on sediment properties, particularly attenuation, should be 
determined more precisely. 


4. Include surface scattering in an assessment of surface duct versus bottom 
reflected paths. 
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APPENDIX 
SHALLOW WATER ENVIRONMENTAL ANALYSIS 


Introduction 


Here we describe the development of data processing techniques and the subsequent 
analysis and summarization of sound speed data to support model studies for shallow water 
locations. A brief qualitative description and analysis of the seasonal sound speed structures 
are also provided for each of four locations. 


For purposes of this study shallow water is defined in oceanographic terms as the 
ocean areas overlying the continental shelves. A natural break in the bottom slope near a 
depth of 200 m often is found marking the edge of the shelf and the beginning of the 
steeper continental slope. From an acoustic viewpoint, shallow water is water depths 
where the acoustic waves interact strongly with the ocean surface and bottom and no con- 
vergence zone paths are observed. The acoustic definition of shallow water therefore can 
be frequency dependent. This initial study of shallow water acoustics has been restricted 
to continental shelf regions at depths less than 200 m. 


In our initial attempts to analyze shallow water data, we used the procedures 
established to select a representative sound speed profile for a particular deep open ocean 
environment. These did not yield results because of the extreme complexity and variability 
of profile shapes observed in the shallow water data samples. Because strong emphasis has 
been placed on the gradient of the vertical sound speed structure for acoustic purposes, 
analytical procedures were developed to segregate profile types based on the vertical 
gradient. From these subsets, representative profiles can be selected and model results 
evaluated on the probability of occurrence of selected profile types. For this study, profiles 
have been grouped objectively as positive or non-positive gradient profiles with gradient 
values ana percentages of occurrence tabulated. 


Shallow Water Environments 


Four shallow water regions were selected for evaluation during this initial phase of 
the study. These regions were selected because they each represent a different type of 
shallow water environment. Specific sites were chosen because a reasonable number of 
observations were available to support the analysis. (For specific site locations see Figure 
2.1 in the main text of this report). The Strait of Juan de Fuca off the west coast of 
Washington at mid latitudes represents a narrow shelf coupled strongly to the open ocean 
with potential brackish water influence. The shallow North Sea is an example of an 
isolated adjacent sea and is located at high latitudes. The area East of Singapore was 
selected to provide a shallow water environment to evaluate the expected weak seasonal 
effects at very low latitudes. The continental shelf off Lands End in the northeast Atlantic 
is a wide shelf at high latitudes exposed to open ocean conditions and influenced by the 
North Atlantic current extension of the Gulf Stream. 


Method of Data Analysis 


The primary source of sound speed data for this analysis was the National Oceano- 
graphic Data Center (NODC) Nansen cast archival data file. This file provides profiles of 
ocean temperature, salinity and computed sound speed at standard depths of 0, 10, 20, 30, 
50, 75, 100, 125, 150 and 200 m. Stations with bottom depths in excess of 200 m were 
excluded to eliminate observations from the outer continental slope. To supplement the 
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number of available profiles, the NODC archival XBT file was searched for suitable tempera- 
ture profiles. These profiles were then converted to equivalent sound speed profiles using 
annual mean salinity profiles from the Nansen cast data at each location and were inter- 
polated for sound speed at standard depths. Even though the XBT provides less absolute 
temperature and resultant sound speed accuracy than the Nansen cast, blending the two 
profile sources is justified in this analysis because there is stronger emphasis on the statistical 
distribution of positive and non-positive gradients than on absolute sound speed values. The 
XBT data contributed significantly to the sample size for the region East of Singapore, but 
were not used in the North Sea where ample Nansen cast stations were available. Some 
additional profile editing was performed to remove redundant sampling in a few instances 
where repeated observations were made at the same location and time. 


An initial attempt was made to classify or “‘pigeonhole”’ profiles by vertical shape or 
type. This process is impractical because it requires the selection criteria to be redefined for 
each data set and because there are few guidelines for acoustic significance of the various 
sound speed structures. The overall sound speed gradient computed from the surface to 
specified depths is of basic acoustic significance in defining the expected mode of propaga- 
tion, therefore, a statistical approach to gradient distributions was applied to the data. 
Surface energy exchange (1.e., heat and wind) and horizontal and vertical advection can 
affect the vertical sound speed gradient. The presence of the sea floor influences advection, 
and, therefore, can also influence the gradient. To avoid biasing the statistics, shallow 
profiles that covered less than 80 percent of the water column were eliminated in all in- 
stances except in the region East of Singapore because of the limited number of observa- 
tions. Deep profiles would be expected to display any bottom-related effects. 


Two methods of statistical tabulation were used for the vertical sound speed 
gradients. Examples of each are provided in the individual site analyses in the following 
section of this Appendix. Gradients are computed in units of meters/second per meter. The 
first approach produced a tabular listing by season of the number of positive and non- 
positive gradients observed in the data set from the surface to each successive standard 
depth. It also provided statistics on gradient strengths. These tables provided information 
on whether the overall gradients were positive or non-positive and some measure of 
correlation between gradient and depth of observations. However, because the identity 
of individual profiles is lost in this statistical summary, it is not an adequate guide to the 
selection of representative profiles for acoustic model inputs. 


The second statistical approach preserves the identity of each profile while providing 
a measure of the distribution of positive and non-positive sound speed gradients. Many 
profiles in complex shallow water environments may contain both positive and negative 
gradient layers at different depths in the water column. This is especially noticeable during 
the spring and fall transition seasons. To classify a single profile as either a positive or 
non-positive gradient profile requires a definition based on the expected effect of the 
overall shape on the primary mode of acoustic propagation. The definition also must 
remain relatively simple if it is to be applicable to all shallow water environments. The 
basic definition chosen for this analysis will classify a profile as positive if the depth of 
the absolute maximum observed sound speed value is greater than 10 m, and non-positive 
if the absolute maximum is observed within 10 m of the surface. This allows a rather large 
number of possible profile shapes to be grouped together in either category. However, as 
a first order profile type separator for an assumed near surface sound source, this sorting 
approach works well. 
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Additional statistics are computed to provide information on the strength of the 
observed gradients. For positive profiles the gradient is computed and tabulated from the 
absolute sound speed maximum to the shallower sound speed minimum. For non-positive 
profiles the gradient is computed from the near surface maximum to the deeper absolute 
minimum. If the profile has a deeper positive gradient leg below the absolute minimum, this 
value is also computed. Examples of possible positive and non-positive gradient profile types 
are shown in Figure 23 of the main body of this report. With this statistical summary, it is 
possible for the investigator to determine how many profile types are necessary to 
represent adequately the particular shallow water site and season. With the aid of the 
gradient strength and depth information, suitable representative profiles may be selected 
from the individual data subsets for acoustic model inputs. 


Discussion of Selected Shallow Water Environments 


This initial investigation for four selected shallow water sites confirms the suspicion 
that shallow water environments tend to be complex, highly variable and generally cannot 
be summarized by the same analysis techniques applicable to deep open ocean waters. 
Although each of the four selected shallow water regions displays unique environmental 
characteristics, we can draw some tentative general conclusions concerning the distribution 
of vertical sound speed structures. 


Vertical sound speed characteristics for the winter season in mid and high latitudes 
can be summarized reasonably well in terms of basic structure. Winter mixing and surface 
heat losses normally produce a near-isothermal water column and result in a slightly posi- 
tive sound speed gradient from the surface to the bottom. The single equatorial site sampled 
East of Singapore also indicated a tendency for this environment to produce this positive 
gradient profile in winter and to some extent in summer. The absolute sound speeds, 
of course, vary significantly with location (and latitude). 


The summer season indicates some consistency in overall sound speed gradient for 
the different locations. With the exception of a potential shallow mixed layer (surface 
duct), the summer profiles usually have negative gradients to the bottom. The actual 
shapes of the profiles, however, may vary considerably at a given site. The North Sea 
provides an example of two distinctly different vertical structures observed in the summer. 


The spring and fall are transition seasons where both positive and negative profile 
gradients are observed. Based on the sites evaluated, it appears that the high latitude and 
mid latitude transition months show a preponderance of negative gradients. The fall 
appears to have deeper positive gradient surface ducts than the spring. The low latitudes 
(based on the single equatorial example) tend to display relatively more positive gradients 
throughout the year. 


These tentative conclusions are based primarily on reasonable and general effects 
expected from seasonal surface heat exchange and vertical mixing. The presence of nearby 
land masses and the influence of the bottom itself make most shallow water environments 
subject to strong advecture perturbations. This movement of water masses can modify or 
dominate the more classical seasonal effects on the vertical structure of temperature and 
salinity. Results from this limited shallow water study should be applied very cautiously 
to other apparently similar locations. 
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The following discussions present specific information and examples of shallow 
water sound speed variability and vertical gradient statistics for four selected sites. This 
type of summary has been provided to support initial acoustic studies of shallow water 
environments described in the main body of this report. Based on an evaluation of these 
environmental summaries, this approach to sound speed profile classification and selection 
can be modified or expanded for follow-on analyses of other shallow water environments. 


The data presentation for each site consists in part of certain summaries and displays 
originally created for deep ocean analysis. These include the temperature-salinity-sound 
speed statistical summary tables at standard depths, the composite profile plots for sound 
speed which superimpose all profiles for a given site/season on a single plot and the 
temperature-salinity (T-S) diagrams with sigma-T (density related) curves. A single sound 
speed range and depth were selected for all composite plots to facilitate an intercomparison 
of the different site environments. In addition, two statistical summaries are presented that 
were specifically developed for the analysis of shallow water sound speed data. The shallow 
water sound speed statistical summary provides some information on percentage of water 
column coverage. Of more significance is the lower portion of this table where the surface- 
to-standard-depth sound speed gradients are tabulated. The shallow water profile gradient 
summary table provides the information necessary to evaluate the distribution of profile 
types for each site/season and aid in the final selection of profiles for acoustic model inputs. 
The presentations and discussions of specific model input data are contained in the main 
body of this report. 


NORTH SEA 


This location provides a good example of an isolated adjacent sea that has limited 
communication with the open ocean as well as high latitude seasonal variations. Data were 
processed and analyzed by the standard three-month seasons of winter (January-March), 
spring (April-June), summer (July-September) and fall (October-December). Figures 
containing statistical summaries, gradient statistics, composite plots and T-S plots are 
ordered by season at the end of the discussion. 


Winter — Essentially all profiles have positive sound speed gradients from the sur- 
face to the bottom of the profile. This is the result of total vertical mixing and isothermal 
conditions surface to bottom. The only profile differences are year-to-year and January- 
to-March shifts in the absolute values. The highest sound speeds appear in early January 
and the lowest, in late March. These comments are restricted to the 1° x 1-1%° site 
analyzed ; however, we presume these variations are reasonably consistent in the central 
North Sea. The selection of a single typical profile for acoustic purposes is reasonable 
because the overall positive gradients were observed to be consistent. The extent of homo- 
geneity and weak stability created by winter mixing is evident by the low individual 
profile temperature and salinity ranges exhibited on the winter T-S diagram. 


Spring — Three basic profile types are evident during spring. The positive gradient 
profiles are observed primarily in early April during some years and are remnants of the 
winter profile type, prior to the onset of spring warming. About 33 percent of the pro- 
files are classified as positive gradient. Two other basic profile types have been observed: 


e Type I has sharp negative gradients indicated to 75 m, some with a shallow 
mixed layer. Below 75 m a weak positive gradient extends to the profile 
bottom with a slope similar to the deep winter profiles. More than 50 per- 
cent of the profiles have a sound speed minimum at 50 m to 75 m. 


e Type II has weak near-surface gradients that may be positive or negative with 
somewhat negative gradients below 30-50 m. Bottom sound speeds are near 
winter values. 


Type I profiles appear to represent the expected effect of increasing surface heat exchange 
during spring warming. The dominance of the strong temperature gradient on the resultant 
sound speed structure and increased stability of the water column is clearly shown on the 
T-S diagram. Type II profiles seem to be influenced by positive heat advection in addition 
to the surface warming. A more extensive study of North Sea oceanography would have to 
be made to establish explanations for the two separate profile types. It would be possible 
to select three typical profile types to represent the spring. However, it is not possible 
from this analysis to predict the occurrence of Type I or Type II. 


Summer — These data indicate the presence of the same basic Type I and Type II 
profiles observed during spring. The remnant winter positive profiles are gone. However, 
24 percent of the profiles are still classified as positive because of the depth of the surface 
layer. The difference between Type I and Type II profiles seems more pronounced. Most 
of the Type I profiles have a surface layer to 20-30 m and a strong negative gradient to 
75 m. Some have a sound speed minimum at 75-100 m and a weak positive gradient to 
the bottom. The Type II profiles usually have negative sound speed gradients from 
surface to bottom with little or no surface layer. The slope is nearly linear or increases 
slightly with depth. The T-S diagram indicates that the structure is primarily temperature 
controlled with a few instances of surface layer salinity dilution. Water column stability is 


We 


very high. The two basic types could be separated for the selection of typical profiles; 
however, the key to the advance prediction of the occurrence of either type is not 
apparent from this analysis. 


Fall — This season again indicates the presence of the three profile types observed 
during the spring. However, Type I has a deeper surface layer extending to 50 m or more 
and a correspondingly thinner thermocline layer. The occurrence of deep surface layers 
results in the classification of 92 percent of the profiles as positive gradient. The winter- 
type positive gradient profiles are observed only during late November and December. 
Based on the sound speed gradient statistics, more than one-half of the fall profiles 
extending past 50 m have an overall negative gradient when measured from the surface. 
This is caused by the predominantly negative gradient observed below 50 m. The separa- 
tion of profile types and the selection of typical profiles for the fall is difficult because 
the distinction between the types is less clear than during the summer. 
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This shallow water location was selected because it represents a narrow continental 
shelf environment and an adequate number of observations are available for analysis. The 
location is mid latitude and is under direct influence of the open ocean environment off- 
shore. The one-degree square site selected for analysis is located on the La Perouse Bank 
outside of the strait. Data were screened to select only deep profiles covering 80 percent 
or more of the water column and were processed for four three-month seasons: winter 
(January-March), spring (April-June), summer (July-September) and fall (October- 
December). Each season will be briefly described. Figures containing statistical summaries, 
gradient statistics, composite plots and T-S diagrams are ordered by season at the end of 
the discussion. 


Winter — The predominant sound speed profile gradient is positive from the surface 
to the bottom of the profile. Almost 98 percent of all profiles are classed as positive in the 
gradient summary table. In a few instances the positive gradient is modified by a negative 
gradient tail near the bottom. This is indicated in the increased percentage occurrence of 
negative gradients from the surface to depths below 100 m in the sound speed statistical 
summary. A narrow bottom channel exceeding 180 m depth crosses the shelf in the 
southeast part of the one-degree square. Several of the deep negative gradient tails appear 
in or near the channel. Because of the high percentage of positive gradient profiles during 
the winter, it is possible to select a typical positive gradient profile to represent this season 
for acoustic modeling. The T-S diagram indicates a moderately large salinity range created 
by dilution of the surface layer by rain and runoff. A single near-shore profile with a very 
low surface salinity is evident on the diagram. 


Spring — A large percentage of non-positive gradient profiles is produced by the 
spring warming. Most of the positive gradient profiles were observed during early to mid 
April before the advent of strong surface heating. The T-S diagram for spring indicates that 
the high variability in surface sound speed is primarily temperature controlled with some 
salinity contribution in a few instances where surface dilution is evident. The variability 
realistically precludes the selection of a single typical profile to represent the entire transi- 
tion season. Increased stability of the water column produced by the large temperature 
and salinity ranges is indicated by the sigma-T (density) range on the T-S diagram. About 
34 percent of the profiles are classified as positive gradient with the remainder indicating 
a large variability in the strength of the negative gradients. Because spring is a season of 
transition, it is likely there would be better resolution of profile types in the monthly 
analysis. 


Summer — The summer season exhibits 100 percent non-positive sound speed 
gradients. High surface sound speeds and very strong upper layer gradients characterize the 
profile set. The few profiles with shallow surface ducts are products of local wind mixing or 
eddies. A weak minimum is observed in the 50 m to 100 m depth range in many of the 
profiles. The T-S diagram indicates the overall variability is strongly temperature dependent. 
The profiles with surface temperatures above 12°C have the highest surface sound speeds. 
Also indicated is an example of salinity dilution produced near shore by local river runoff. 
A single non-positive profile with a strong thermocline can be used to represent the summer 
season at this location for modeling purposes. 
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Fall — Surface layer cooling reduces the strength of the negative gradient in the 
upper layer during the fall. About 75 percent of the observations indicate a positive grad- 
ient in the upper layer. A majority of the profiles classified as non-positive were observed 
during October or early November. Most of these profiles have a surface duct indicating the 
advent of seasonal mixing and layer deepening which characterizes this transition season. A 
weak sound speed minimum near 50-75 m is observed sometimes for profiles at locations 
where the shelf depth exceeds 100 m. The T-S diagram indicates the complexity and 
weakening of vertical stability in some of the profiles, in comparison to the summer profiles. 
Both gradient statistical tables indicate that the large percentage of positive profiles is 
produced by positive gradients in the upper 50 m. Overall gradients from the surface to 
depths below 50 m are primarily negative. It would be difficult to represent the entire fall 
season with a single profile. 
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VERNETEMPERGIURE file siDe OPiS ath) 


EAST OF SINGAPORE 


This location was selected as an example of an equatorial shallow water environment. 
It also is isolated from open ocean influence. Six one-degree squares were processed to 
provide a reasonable number of observations. This area is very shallow with bottom depths 
ranging from about 25 m to 75 m. There were very few Nansen cast data in the set so 
shallow profiles were retained and the sample was supplemented with a large percentage 
of XBT data. 


Strong seasonal variations would not be expected in the equatorial zone. However, 
some seasonal pattern was evident from atlas sea surface temperature charts, so two six- 
month seasons were selected based on this information. The northern hemisphere spring 
and summer months (April-September) were combined for summer and the standard fall 
and winter months (October—March) were processed as winter. Each season is briefly 
described and associated figures containing statistical tables, composite plots and T-S 
diagrams are located at the end of this section. 


Winter — The shape of the winter profiles resembles winter data observed at much 
higher latitudes. The profiles are isothermal with weak positive sound speed gradients from 
the surface to the bottom of the profiles. About 82 percent of the observations are classified 
as positive gradient profiles. The one profile extending to 75 m has a strong negative 
gradient near the bottom, indicating a local cool bottom layer. The T-S diagram shows 
that a positive salinity gradient is relatively important in maintaining vertical stability at 
this location. The selection of a single positive gradient sound speed profile to represent 
the upper 50 m in this shallow water site for winter would seem to be supported. How- 
ever, in water deeper than 50 m the presence of cooler deep water is suggested by the 
single deep observation, which, if present would create a gradient change near the bottom. 


Summer — The strong seasonal signal in the upper layer temperatures and sound 
speeds observed in the other examples is not apparent for this equatorial location. The 
sound speed gradient in the upper 30 m primarily is positive, resulting in 60 percent of 
the profiles being classified as having a positive gradient. A thermocline below this 
depth is indicated on most of the profiles. Negative gradients with deep sound speed 
values less than winter sound speeds are observed. A few profiles extending below 30 m 
again indicate the presence of a cool bottom water while others do not. The data sample 
is inadequate to support firm conclusions about the causes of the observed sound speed 
structures. Both seasons indicate weak positive sound speed gradients in the upper 30 m. 
Below this depth, the winter is still primarily positive, but the summer is less certain. 
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This location represents a high latitude continental shelf exposed to the influence of 
open ocean circulation of the North Atlantic current extension of the Gulf Stream. This 
can be contrasted to the relatively isolated North Sea location. For consistency, data were 
screened to select only deep profiles covering 80 percent or more of the water column and 
were processed for the same four three-month seasons used for the Strait of Juan de Fuca 
and the North Sea. Statistical summaries, composite profile plots and T-S diagrams are 
provided following the discussion. 


Winter — The predominant winter sound speed profile shape is positive from the 
surface to the bottom, resembling the structure observed for winter in the other shallow 
water locations. The profile gradients are quite consistent with a mean of 0.017 (m/s)/m to 
0.020 (m/s)/m. The vertical temperature distribution tends to be isothermal with a very 
weak positive salinity gradient indicated on the winter T-S diagram. Spatial variation, 
with higher sound speeds observed at lower latitudes, and year to year variations both 
contribute to the observed spread in absolute sound speeds within the profile set. All pro- 
files are classified as positive gradient and a choice of a representative profile for acoustic 
modeling is not difficult. 


Spring — Seasonal warming in the upper layers produces negative sound speed 
gradients and 80 percent of the profiles are classified as non-positive. This surface warming 
increases vertical stability (see the T-S diagram) and inhibits overturn and mixing. The 
deep sound speed structure tends to maintain the positive gradient of the winter, producing 
a sound speed minimum at 50 m to 75 m for many of the deeper profiles. Surface warming 
proceeds through this transition season and by June essentially all profiles are classed as 
non-positive gradients. The choice of a single non-positive gradient profile to represent 
this data set can be made, although the range of observed gradients is relatively high. 


Summer — Upper layer sound speeds are higher than the spring, but several profiles 
have a greater surface layer depth resulting in a slight increase in the percentage of positive 
gradient profiles over the spring. This is opposite to the trend expected as a result of surface 
heating where the percentage of non-positive profiles would increase during the summer as 
observed in the North Sea. This may indicate the influence of strong circulation in the 
Lands End situation in contrast to the more isolated North Sea. A high gradient layer is 
observed below the surface layer and a sound speed minimum is produced in the 50 m to 
75 m depth range. The high stability of the water column above the sound speed minimum 
is produced by the large temperature gradient indicated on the T-S diagram. Because the 
presence of a relatively deep surface duct results in a positive classification for 27 percent 
of the observed profiles, this must be considered when selecting a single profile to represent 
the summer season. 


Fall — Seasonal cooling and overturn of the surface layer causes the fall surface duct 
to deepen considerably. This results in a positive classification for over 95 percent of the 
observations. Most of the deeper profiles, however, still have an overall negative sound 
speed gradient from surface to depths of 75 m and below. By mid-November much of the 
thermocline is destroyed resulting in deep surface layers and only a weak negative gradient 
layer above the sound speed minimum near 75 m. Two profile types result from the pro- 
gressive cooling of the upper layer as seen on the T-S diagram and the composite plot. The 
basic difference is in the depth of the surface duct and strength of the below-layer gradient. 
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